Current change under irradiation of a terahertz electromagnetic wave was measured for a triple-barrier resonant tunneling diode integrated with a planar patch antenna. Gradual change from the classical square-law detection to photon-assisted tunneling with increasing photon energy was observed.
Introduction
The interaction between electromagnetic waves with terahertz (THz) frequency and nanostructures has received considerable attention since the proposal of superlattices and their Bloch oscillation, 1) rectification 2) and oscillation 3) of resonant tunneling diodes. Photon-assisted tunneling, which is one such interaction, has been investigated theoretically and experimentally. [4] [5] [6] [7] A three-terminal amplifier device in the THz frequency range using photon-assisted tunneling has also been proposed. 8) In this letter, we report on the THz detection properties of triple-barrier resonant tunneling diodes including photonassisted tunneling. Gradual change from classical square-law detection to photon-assisted tunneling with increasing photon energy was observed in the current change of the diodes under THz irradiation.
Terahertz Detection Measurement
GaInAs/InAlAs triple-barrier resonant tunneling diodes on n-InP substrates (N D ∼ 10 18 cm −3 ) were used for the detection of electromagnetic waves in the THz frequency range. The diode structure is shown in Fig. 1 . To detect the electromagnetic wave, a planar patch antenna was integrated on the diode, as shown in Fig. 2 .
A planar patch antenna is a useful structure for vertical devices on a high-doped substrate to effectively detect electromagnetic waves. 9) Conduction loss due to the skin effect at the substrate and the antenna is the main loss mechanism, which deteriorates the resonance characteristics. Since the SiO 2 spacer between the substrate and the antenna is considerably thin (∼0.2 µm) in Fig. 2 , this loss is significant. 9) In the present experiment, however, electromagnetic waves with different frequencies could be irradiated onto the same device due to the deterioration of the resonance of antenna.
The mesa structure of the diode with 1 µm diameter was fabricated by electron-beam (EB) lithography, evaporation of Cr (10 nm) and Au (30 nm) for the electrode, and wet chemical etching. SiO 2 (200 nm) was then deposited by sputtering and a 0.4 µm-diameter contact hole was made on the electrode by reactive ion etching. The antenna, with a diameter of 65.8 µm, was also fabricated by EB lithography and evaporation of Cr (10 nm) and Au (400 nm). The peak-to-valley ratio and the peak current of the diodes in terms of the DC characteristics were typically ∼3 and ∼1 µA, respectively, at room temperature as shown in the inset of Fig. 3 .
A CO 2 -laser-pumped CH 2 F 2 or CH 3 OH gas laser was used as the source of the THz electromagnetic waves. The output power was a few tens to 100 mW. The chopped output of the laser was focused on the antenna through a Si plano-convex lens and a Si hemispherical lens. The small current change of the diode due to the irradiaton was measured with a lock-in amplifier through the voltage change across the series resistance connected to the diode. The obtained current change was plotted as a function of the bias voltage across the diode which was derived from the series resistance and the differential resistance. Figure 3 shows the measured current change under the irradiation as a function of bias voltage. To eliminate the effect of frequency dependence of the antenna, these curves were normalized to the squared THz voltage across the diode, which was estimated by comparison between the measurement and calculated results mentioned later. It was confirmed that the shapes and peak positions of the observed curves were independent of the irradiated power in the present measurement range. As seen in Fig. 3 , the measured current change has Fig. 1 . Structure of the triple-barrier resonant tunneling diodes used in the detection of electromagnetic waves in the THz frequency range.
where the first and second terms denote the currents due to photon-assisted tunneling with one photon absorption and emission, respectively. The current change calculated using eq. (2) and the measured DC curve is shown in Fig. 4 . The value of α was estimated to be 6.3 from the ratio of the DC peak voltage to the self-consistent calculation of the level difference between the two quantum wells. α is large because of the existence of the depletion layer. Two peaks due to photon-assisted tunneling were seen. The curve at V dc 0.4-0.5 V is almost independent of frequency. Thus, the values of V ac in the measurement can be estimated by comparing the calculated and measured curves at these bias voltages. The estimated V ac was 4-7 mV depending on the frequency. The normalization mentioned above, as shown in Fig. 3 , was performed using these values of V ac .
V ac is reduced due to the conduction loss mentioned above. Although this loss can be reduced by increasing the thickness d of the spacer between the substrate and the antenna (roughly V ac ∝ d), d is limited in the present fabrication process forming a narrow and deep hole in the SiO 2 spacer for the contact with the diode. This problem may be overcome by using benzo-cyclo-butane (BCB) instead of SiO 2 as the spacer, by which at least an ∼ 5 times larger thickness can be expected.
It is seen from Figs. 3 and 4 that the calculated and measured curves are in reasonable agreement with respect to their shape and change with frequency. Deviation of the peak height between the calculated and measured results is due to the change of electron energy distribution at the emitter with applied voltage. This change was neglected in the above equations. The voltage interval between the peaks increases two peaks separated by a valley. As discussed later, this shape arises from photon-assisted tunneling and approaches the second derivative of the DC curve with decreasing frequency. The obtained distinctive shape of the current change is not a bolometric one, because current change due to temperature variation does not result in such a shape.
Comparison between the Measured and Theoretical Results
Current change I of a resonant tunneling diode under the THz irradiation is approximately expressed as 4, 5, 7) where I dc (V dc ) is the device current without the irradiation at bias voltage V dc ,hω is the irradiated photon energy, J n is the n-th order Bessel function, V ac is the THz voltage induced across the device, and α is the ratio of V ac to the voltage across the centers of the two wells. If the input power is small (eV ac h ω) as in the present case, eq. (1) is approximated by with increasing frequency. To depict this clearly, the interval between the voltages at the DC peak and on the left-sided peaks of I shown in Fig. 3 was plotted as a function of photon energyhω. The result is shown in Fig. 5 . As seen in Fig. 5 , whenhω is smaller than ∼5 meV, the theoretical result (solid curve), which was plotted from the peaks shown in Fig. 4 , is close to that obtained from the classical square-law detection, i.e., the second derivative of the DC characteristics (Dashed line), and is almost independent ofhω. With increasinghω, the curve approaches a line proportional tohω (dotted line). The measurment points are located inbetween these two situations and indicate the gradual change from the square-law detection to clear photon-assisted tunneling. The range ofhω in the measurement is comparable to the resonance width of the transmission coefficient of the resonant tunneling diode. If is much greater thanhω, the DC curve is so smooth that eq. (2) can be well approximated by the form of the second derivative. On the other hand, if is much smaller thanhω, the voltage interval between the peaks of the first and second terms in eq. (2) was estimated to be 10-15 meV. In contrast to the left-sided peaks, the right-sided peaks in Figs. 3 and 4 change very little withhω, because the resonance shape at the high energy side is wider than that at the low energy side, as seen in the inset of Fig. 3 .
By reducing the resonance width, the point of intersection between the lines of the classical limit and narrow resonance limit will shift toward lower frequencies, and strong frequency dependence can be expected in the measurement. This can be achieved by suppressing fractuation of the quantum well width, by decreasing temperatures, or by the use of different materials with high potential barrier.
Conclusion
We measured the current change under irradiation of a THz electromagnetic wave using GaInAs/InAlAs triple-barrier resonant tunneling diode. the mesured results agreed reasonably well with the theoretical prediction, and a gradual change from the classical square-law detection to photon-assisted tunneling with increasing photon energy was observed.
